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SUMMARY

The anodic behaviour of titanium in various
concentrations of formic acid has been studied by means of
voltage-time curves at constant current using a sensitive recorder
to obtain the detailed shape of the curve. It hes been shown
that, depending on electrolytic conditions, the titanium will

either remain passive, micropit or corrode uniformly,

The shape of the V-t curves in the micropitting
region depends on concentration and temperature and many of the

curves are characterized by a plateau in the region 7 - 12V,

Optical studies of micropitting have shown that
different interference colours form on different grains and that
pits are initiated on the thinner oxide films, Electron micros-
copy has revealed the formation of 'mounds' (solid or hollow)
which appear to rupture at the breakdowmn potential at which

micropitting commences,

The uniform and dense distribution of micropits has
been explained on the tasis of the formation of blisters on the
thinner oxide films resulting from stresses within the oxide,



ANODIC_POLARIZATION OF TITANIUM IN FORMIC ACID

The anodi.c behaviour of a given metal is usually depend-
ant on the nature and concentration of the electrolyte solutinn
end the conditions of electrolysis, such as temperature, current
density, etc. A comparison of the behaviour of aluminjium and
titenium shows that there are many similarities and, for example,
both metals will pit when ancdically polarized in chloride solu-
tions, although much higher potentials ( 3 12 - 14V) are required

for titenium,!

Both metals form dielectric oxide films during
anodic oxidation but whereas this occurs with titanium in a
veriety of acid and alkaline solutions, with aluminium it occurs
only in a limited number of near-neutral buffer solutions., The
formation of porous oxide films when aluminium is anodically
polarized in e variety of solutions of inorganic and organic
acids appears to be a unique feature of the anodic behaviour of
this metal,

The present study originated from the use of anodic
films on titanium as a means of preventing galling during wire-
drawing, Thus, Richaud? formed anodic films on titanium in
20% sulphuric acid at 20°C and 18V and considered that these
films were porous or fissured as they had the ability %o absord
lanoline, Miller, Jefféry end Pray> found that the oxide film
with the best anti-galling properties was obtained using 5%
sodium hydroxide at 205°F; +the use of a phosphoric/sulphurio
acid solution at room temperature for anodizing titanium is a
subject of a patent which claims that the oxide film prevents
galling,4

It should be observed that no direct evidence of porous
films appears to have been submitted and claims for porosity have
been based largely on the ability of the film to absorb oil.,




The anodic behaviour of titanium in various solutions

has been the subject of numerous studies which have been con-
cerned with the dielectric properties of the film, pessivity of
the metal, breskdown of the oxide in chloride, etc. Bohm®
determined the i - t relationship at constant voltage (60V) in
potassium hydroxide, borax, sulphuric acid and in chromic acid
solutions and showed that the oxide behaved as a typical velve
electrode. Tajima and Morib heve claimed that films cen be
formed to 1300V in borate solutions.

There have been several studies of the nature of the
anodic oxide film elthough in meny cases the results appear to
be contradictory. Rivolta,7 who used optical microscopy and
electron diffraction, showed that the interference colour varied
with the orientetion of the grain. He considered that this was
due to different thicknesses of oxide on different grains.
Electron diffraction studies revealed the presente of titanium
hydride or rutile and/or anatase or hydrated oxlide according to
the nature of the solution and polarizing conditions, Stripped
films have been studied by Ya.maguchi8 who found brookite to be
present.

The corrosion behaviour of titanium in aqueous solution
is characterized by the marked tendency of the metal to exhibit
pessivity. Stern and Wissenberg9 have shown that although the
exchange current for the hydrogen reaction, and other electro-
chemical reactions, is low (a condition which is not conducive
for the establishment of pessivity) this is offset by the unusually
electronegative oritical potential (approximately -0.23V with
reference to the saturated calomel electrode) required for passiva..
ity. The metal thus exhibits passivity in solutions of redox
potentials no higher than that of the 2H* + 2¢ = Hy equilibrium
so that pessivity can be achieved by alloying or coupling the
metal with platinum or palledium,
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Hall and Hackermaﬁniave studied the cathodic and
enodic behaviour of titanium in neutral chloride solutions under
gelvanostatic conditions and have shown that at low current den-

sities the potential increases linearly with time until oxygen |
evolution occursy the potential then remeins constmnt. They 5
oonsider that their data does not permit an unequivocal choice

between chemisorption or oxide film formation as a first step

prior to oxygen evolution,

The ehodic protection of titenium in non-oxidizing
acids hes been the subject of numerous studies and Inglis and
Cotton!! have shown that in 40% sulphuric acid at 60°C, a slight
increase of potential results in a marked Peduction in the cc~ro-

sion rate.

The anodic behaviour of titanium in chloride solutions
is important for electrolytic processes, and it has been shown
that film breekdown and consequent pitting at a potential of approx,
12 = 14V cen be prevented by having platinum in contact with the

metal surface.12

Although the anodic behaviour of titanium has been
studied in a wide variety of electrolyte solutions there appears
to be little evidence of studies using formic acid, The corro-
sion behaviour of the metal in formic acid has been studied by
Lane, Golden and Acherman'? who have shown that titanium is
passive providng oxygen is present. In oxygen-free solutions
the metal exhibits the phenomenon of 'border-line! passivity
and the behaviour depends on the thickness and continniity of the .
air-formed film, smoothness of surface, etc. It would appear
that either corrosion or passivity could result when apparently
identical specimens were immersed in the same solution of formic
acid. Exemples of 'border-line' passivity have also been repor- ‘
ted by Hutchinson and Permar.14 §



The corrosiveness of this acid and the manifestation

of border-line passivity under certain conditions were factors
which influenced the choice of this acid as a possible electro-
lyte sclution for producing porous or fissured films, By

analogy with aluminium it was considered that the electrolyte
solution should be such that film growth and localized film
dissolution could proceed simultaneously during anodiaing. The
present study has been confined to the effect of acid concentration
and temperature on the anodic behaviour of titanium under galvano-
static conditions and a brief account of this work has been

reported previously.15
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EXPERIMENTAL

(a) Materials., Titanium specimens 1 x 1 x 0,035 cm.
were prepered from commercially pure titanium sheet (I.C.I.
130 A; & typicel enalysis is 0,0%% C, 0.05% Fe, 0.,015% Na,
0.005% Hs, 0.1% 05) and electrical contact was made by means of

spot-welded titanium wires., Cathodes were sheet platinum of

gimilar size with spot-welded platinum wires,

Reagents used were AnalaR grade and all solutions
were prepared from doubly-distilled water. Concentrations of

solutions of formic acid are expressed as vol.%.

(b) Cell, Anodic polarization was carried out in a
glass cell (Fig.1) which incerporated en immersion heater H and
thermoregulator T so that the solution could be maintained at
eny pre-determined temperature. Control of temperature was
within * 0,2°C, Agitation of the solution was achieved by
passing argon through the sintered glass disc I.

The platinum cathodes C and anode A were supported
by means of the connecting wire which fitted tightly in p.t.f.e.
stoppere inserted in the end of the perallel ground-glass joints -
the ground-glass joint supporting the titanium anode is perpen-
dicular to the paper as shown in the plan., By this arrangement
the anodes could be placed at reproducible distances on either
side of the cathode,

(¢) Electric Circuit. The circuit consisted of an
electronic constent current/oonstant voltage power unit (fully
stabilized d.c., up to 100 mA and 350-400V), a valve voltmeter
(Mullard, Type E 7555/2) and a pen recorder (Leeds Northrup,
Speedomax H) which had a 5 mV full-scale deflection - by means
of an attenuator the full-scale deflection could be adjusted te
give 30, 60, 100 or 200V,



Voltage-time relationships at constant current

were obtained as direct plots on the recorder chart and all
curves in the present paper are tracings of the recorded curve,
In certgin curves the potential was observed to oscillate at
potentials above & certain critical value. This is showm on
the curves by an O to indicate the commencement of oscillations;
the arrows show the approximate amplitude of the oscillations of
potential,

Measurements were made of the potential between
the anode end cathode rather than the potential of the anode/
solution interface as the IR drop and potential of the cethode
were considered to be negligible for the present study.

(d) Surface Preparation. Specimens were wet polished

to 3/0 emery paper and then to 1u diamond, They were finally
chemically polished in a solution consisting of 1 part 97% H3804,
1 part 75% HNOz, 1 part 44% HF and 1 part water. After washing
they were introduced into the solution contained in the cell,

the temperature set to the pre-determined value,and when the
temperature wes constant the V-t curve was determined at constant

current,

EFFECT OF CONCENTRATION OF FORMIC ACID AND TEMPERATURE
The effect of acid concentration and temperature is

summarized in Fig.2 and on the basis of the different effect
produced during anodic polsrization it is possible to distinguish
the following zones:

(a) Micropitting zone. 0.1 - 60% formic ecid and

40 - 50°C,

In this zone uniform barrier films are produced initially
but at a criticel potential the surface of the initially-formed
oxide becomes pitted; initialtion of pitting was accompenied by
precipitation of titanium hydroxide from solution.



It should be noted that the term 'micropitting!
is used in the present context to denote the formation of
microscopic pits which are uniformly and densely distributed over
the metel surface, This type of pitting should be clearly dis-
tinguished from the spersely distributed gross pits which form

during the anodic polarization of titanium in chloride solutions,

(b) Barrier filmr formation to high potentials.
60 - 96,5% formic acid, 40 - 50°C,
In this region titanium behaves as a typical !'valve!
metel and dielectric oxide films could be formed to high potentials
before spark breakdown occurred.

(¢) Barrier film formation to low potentials.
0.1 ~ 96,5% formic acid, 40 - 50°C,
Film formation at temperatures ebove 40 - 50°C procedad:
only to a limiting potential of 20 - 30V when film growth ceased
and further passage of charge resulted in the oxidation of the

solution at constant potential.

(4) Uniform coffosion with the formation of a loose,
non-adherent precipitate. 96,5 - 100% formic
acid, 0 - 100°C,
In this region the titanium sppeared to corrode uniform-
ly and the titanium hydroxide forms as a loosely-adherent yellow-
ish deposit on the metal surface.

The transition from one zone to another usually occurred
over & range of temperature and concentration as indicated by the
cross-hatched areas of Fig,2, The transition from barrier fiim
formation to the formation of non-adherent deposits at 96,5%
formic acid was, however, quite well defined,



VOLTAGE~TIME CURVES AT CONSTANT CURRENT IN MICROPITTING REGION

Effect of current-density and concentration
Fig.3 shows the V-t relationships for titanium anodic-

ally polerized at different current densities in 30% formic acid
et 25°C (misropitting zone). At 5 mA/cm? the potential in-
creased linearly with charge gnd interference films formed up to
45V; at O the potential began to oscillate rapidly and with con-
tinued passege of charge the amplitude of the oscillations in-
creesed, as showm by the magnitude of the arrows. The potential
of 45V and the subsequent oscillations of the potentiel appear to
be a cheracteristic feature of the initiation and propagation of
micropits. Subsequent passage of charge resulted in a gradual
increase in potential ( ~/120V after 4h), and an increase in the

amplitude of the potential oscillations,

Although the V-t curve at 5 mA/cm2 was linear up to the
potential at which pitting occurred, the curves at lower current
densities were non-linear and were characterized by a change of
slope (a plateau) in the region 7 - 12V, The significance of
this plateau will be discussed in relation to changes in surface

topography as revealed by electron microscopy.

Fig.4 shows the effect of corcentration within the
micropitting zone and comparison with Fig.3 indicates that there
is a definite similarity between the effects of concentration and
current density. For example, the charge required to attain the
potential required for the initialion of micropitting decresses
with increese in current density or increese in concentration,

It is also evident that plateaux were presert only at the lower
concentrations of acid,



Fig.5 shows that the potential at which micropitting
is initiated varies with concentration of the solution and is
a minimum of 30% formic acid indicating that this concentration
of acid is most conducive to film breakdown,

Effect of Temperature

Fig.6 shows the effect of temperature on the anodio
behaviour of titanium in 30% formic acid at 2 mA/cm?, and it is
evident that the lower the temperature the lower the charge
required for micropitting. At 40°C very prolonged times were
required for the potential to increase tovthe value required for
micropitting; at 50°C it was not possible to achieve this poten-
tial as when the potentisl increased to about 30V, the iorndc

current became practically zero.

Region of High Concentration

Fig.7 shows the effect of concentration in the region
of concentration where barrier films could be formed to high
potentials. The ocurves are linear initiaslly but at a potential
which increases with increase in concentration there is a sudden
change in slope. At B breakdown of the cxide film occurs with
spark discharge. These curves show that the higher the concen-
tration of the acid the higher the potential before breskdown.
At ) 96,5% formic acid there was, however, a mariked change in
behaviour and it can be seen that at this concentration the poten~
tiel rises to only 60¥. At this and higher concentrations the
titanium was corroded uniformly with the formgtion of a yellow
non-adherent deposit on the metal surfece. At 96.5% fermic acid
conditions were frequently 'torder-line! and in certain cases it
was observed that the initial formation of the yellow depoeit was .
superceded by & barrier film which formed underneath the yellow
deposit causing it to becoue detached.
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Fig.8 shows the effect of temperature on the V-t curves
obtained with 90% acid at 2 mA/cm?,

Formation of Plateau

Previous results have shown that under certain conditions
of anodizing the V-t curves sre characterized by a plateeu which
occurs over the range 7 - 12V, It should be observed, however,
that the V-t curves are merkedly affected by the nature of the
gurface of the specimens. Thus, specimens which had been abraded
to 1p diamond and enodized without etching gove linear curves - a
marked plateau was evident, however, ifabrading was followéd by

immersion for 2 min, in the chemical polishing solution,

Fig. 9 shows V-t curves for varicus concentrations of
formlc acid and it is evident that only the curve for 50% formic
acid is linear - all other concentrations show a change of slope
at 7 - 12V, No evidence of plateau formation was observed at
higher concentrations of acid, i.,e, in the region 60 - 96,5%
formic acid, On the other hand, it is evident from Fig.10 that
rlateau formation is not confined to formic acid and occurs with
e wide variety of different electrolyte solutions inciuding dilute
solutions of sodium hydroxide. It is apperent from the above
considerations that plateau formation at low potentials appears

to be a characteristic of the anodic Yehaviour of titanium,

It is of interest to not that detection of the plateau
requires o sensitive recorder and that pletesu formation was not
ovserved in earlier studies using 2 valve voltmeter to measure
potential.

Addition of Chleride to Formic Acid

Although the formic acid was of the highest purity it
vwew considered of interest to study the effects of additions of
chloride. Additions of 10 p.p.m. C1” produced no effect in the
micropitting region and very appreciable concentrations were found




necessary to lower the breaskdown potential below the putential |

of A5V which characterizes mioropitting in formic acid. When
1% NaCl was added to 10% formic acid the breakdown potential was
obgserved to be 23V which is appreciably higher than the breakdown

potential in chloride alone,

In the anodizing region (90% formic acid) the effect
of chloride was more pronounced and, for example, 40 p.p.m. C1~

lowered the breakdown pctential from 260V to 190V,
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OPTICAL MICROSCOPY

Polycrystalline titanium gives rise to multi- }
coloured oxide films which, according to Rivolta.,7 are due to
different thiclmesses of oxide resulting from the different rates ;
of oxide growth on different crystel faces. The 'as-received' §
titanium had a grain size of ~s 0,004 mm. but it was poesible to y
increase the grain size toss 0.04 mm, by anneasling at 750°C for

24 h, in a vacuum of 10‘6 mm, - the slight oxygen upteke during

this procedurc was not considered significant as the titanium

already contained 0.10% cxygen.

Specimens were anodized under different conditions
to a predetermined potential (below that required for pitting)
and then examined microscopically. The variation of oxide thick-
ness from grain to grain was cstimated to be very much grester in
the micropitting region of concentration than in the region where
berrier films could be formed to high potentials. Only two
interference colours (e.g. red and orange) were present in the
cese of 9€% formic whereas a complete renge could be obtained at
the low concentrations. In the case of concentrations » 6%
the interference films formed initielly (i.e, before the forma-

tion of the yellow depceit) were uniform,

With 10% formic acid a uniform first order blue
film was obteained at 20V but above this potential at lecast two
interference colours were observed, e.g. at 45V there were yellow
(2nd order) and grey-blue (just before 2nd order) interference
colovrs, This potential corresponds with the onset of micro-
ritting ard it was observed that the pits became initiated on the
blue-grey films, In other specimens yellow (2nd order) end red
(2nd crder) colours were present and pitting was confined to the
thinner yellow films, As the potential increased the pits propa=
gated into the film where they initially formei dut ultimately
pits formed on grains having thicker oxide films. It was con-
cluded from these studies that pits were always initieted on the
thinner oxide films,
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Identification of Oxides using X-ray and Electron Diffraction
X-ray diffraction was used to identify the white

precipitate produced in the solution during micropitting and the

yellow adherent deposit formed on titanium in high concentrations

(> 96.5% formic acid).

After filtering off the white precipitate, washing
and drying, it was examined using bulk anatase (B.D.H, Ltd.) and

rutile as comparison standards,

With molybdenum X, rediation (35 kV, 12 mA) and
e zirconium filter it was possible to show that the fiffrasction
lines, althcugh diffuse owing to the small crystallite size,
agreed with those obtained with bulk anatase,

The yellow deposit obtained in the high concentra-
tion region appeared to be an amorphous form of titanium oxide,
although faint lines were observed which indicated that it was

probably snstase. Gravimetric studies showed it to be

anhydrous,

Electron diffraction studies were carried out
using en electron diffrection camera similar to that usec by
Finch and Wilman, Specimens were prepared metallogrephicetly
dowm to 0,25y diamond using a plentiful supply of paraffin es
lubricant to prevent diamond particles becoming emhedded in the
metal, After degreasing, the specimens were etched in the
chemical polishing acid, snodized under pre-determined condi-
tions and the pattern of the oxide was then determined by elec-
tron diffraction.,

In 95% formic acid it was poesible *o anoéise the
specimens to 325V and these films were shown to be crystelline and
to correspond with the pattern of analase, Attempts made to deter-



- 14 -

mine the structure of films formed to low potentials (20 - 30V)
in this acid were not successful and whether a crystalline oxide
forms initially or whether the initial oxide is amorphous and
crystallizes at some higher potential could not be established,

Electron Microscopy
The surface topography of films formed to differ-~
ent potentials was studied by electren microscopy using an

Akaghi Transcope. Specimens were cerefully polished and etched,
as described previously, end then ancdized in a given sclution

to a predetesrmined polential,

Replicas were produced by the Bex film technique
followed by carbon evaporation at a 30° engle to give maximum
contrest, Vaseline wae smeared uniformly over the carbon in
order to prevent disintegration of the replica when the Bex film
was removed by acetone. This took 5 - 6 h. during which time
the acetone was reneved two or three times, The Vaseline was
then removed by immersicn in carbon tetrachloride for 10 h,
periodically renewing the solvent to minimize the time of dissolu-
tion.

Fig. 11(a) = (h) shows replicas which have been
obtained by anodizing titanium to different potentials in the
micropitting region (10% formic acid, 2 mA/cm?). Below 9V the
purface appeared to be cmooth and featureless but at this poten-
tial there was some evidence of the formation of small mnounds on
the surface, This effect 7as quite distinct at 15V (Fig. 11(a))
and Figs, 11(b) - (&) show that as the potential is increased
the mounds appear to tecome larger and more extensive, At 50V
(Fig, 11(d)) smaller mounds appesr to form on the surface of the
larger nounds,

At 55V (a potential which corresponds epproximately
with the micropitting potential) a change in the surface topography
w8 observed and it would appear frem Fig. 11(e) that the mounds
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have ruptured and that each mound has formed four segments - a
similar effect is shown at 60V (Fig. 11(f)). At 65V the
surface shows evidence of marked pitting (Fig. 11(g) and (h)) and

presumably pitting is initiated as soon as the mounds rupture,

Fig. 11(h), which was obtained in 90% formic acid,
shows that mound formation occurs in the region of concentration
vhere films can be formed to high potentials. It should be noted,
however, that these mounds appzar to be larger and smcother than
those obtained in the micropitting region (c.f. Fig., 11(d)).
FPormation of films a+ 75V and 150V in 90%‘formic acid followed by
enodizing in 30% formic acid resulted in micropitting at ~A 60V -
a valuc only slightly higher than that required for micropitting

of unenodized specimens in this concentration of acid.

It appears from these results that the fermation
of mounds occurs in both the micropitting and anodizing regions
of concentration but mound rupture, at least at comparatively

low potentials, occurs only in the micropitting region.
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DISCUSSICN OF RESULTS

The results obtained in the present work have
showmn that the anodic behaviour of titanium in formic acid is
markedly dependent on the concentration and temperature of the
acid and that these factors will determine the nature of the
electrode reactions, Slight changes in conditions have been

shown to affect anodic behaviour to a marked extent and, for
example, although micropitting occurs at 45°C, increase of temp-
erature to 50°C results in passivity. Barrier films will form
to high poteniials in the region 60 - 96.5% formic acid, the
maximum potential increasing with increase in the concentration
of acid - but uniform corrosion will occur at concentrations
slightly greeter than 96.5%, Depending on concentration and
teuperature it is possible to obtain four different types of
behaviour:

(a) micropitting (localizec attack and simul-

teneous film formation)

(b) passivity (limited formation of oxide film
followed by gas discharge)

{¢c) uniform corrosion
(d) fiim formation to high potentials,
Although some ceonsideration will be given to

all types of behaviowr, emphasis will be placed in this dis-

cusgion on the mechanism of micropitting.

Elevated temperaturea

Titanium dioxide ie non-stoichiometric and can
be represented by Ti0q,91.2,0. Hauffg6and Grunewald1® have
shown that W0z dissolved in Ti0; raising the electrical conduc-
tivity while additions of Gaj30s, Al03z or NiO lower it - on
this basis these workers consider the oxide to be an n-type
conductor with oxygen defects and intersiitial electrons,
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On the other hand, Hurlen17 has argued that sufficient space

is available in lattice to asccommodate Ti4* interstitially.

It im well known that the conductivity of semi~conductors is
predominantly electronic and that the temperature dependence

is positive, i.e. K = A.expt - Q/TR. Cha.rlesby1 & howed
during studies of the snodic behaviour of zirconium that the
conductivity at 100°C was 33 times the conductivity at 19.5°C,
Nevertheless, the pronounced increase in conductivity of titanium

oxide with temperature appears to be unusual, and it mey be
possible that this ig acscciated with & change in thestoichiometxry
or nature of the oxide at elevated temperatures., An increase in

the number of oxygen defects would increase the conductivity.
Since passivity at elevated temperatures occurred

in the majority of elecirclyte solutions etudied, it is evident
that this phenomenon is due entirely to the properties of the
oxide film., The fact that micropitting dces not occur at
elefated temperature follows, however, from Fig.5 where it is
evident that micropitting is initiated only at potentials

} 45V as at elevated temperatures film formation ceases when
the potential reached 20 - 25V, Although micropitting in
formic acid does not occur at elevated temperatures, it cen be
predicted and demonstirated that pitting will occur in hot
chloride sclutions as the potential for pitting is only

12 -~ 14V - a value which is appreciably lower than that required
for micropitting.

Micropitting Region

The formation of very fine pits uniformly and
densely distributed over the metal surface with simultaneous ;
growth of the oxide film which occurs when Ti is anodically
polarized in concentrations of formic acid 50%, appears to
be a unique characteristic of this particular system, Attempts
to find other acid solutions which produce a similar effect on
titanium have been unsuccessful - on the other hand it has rot
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been found pomsible to produce micropitting on zirconium using
formic acid or any other acid.

It is evident, therefore,that micropitting
results from some mmnique properties of the system Ti/formate
anion, as it has been shown that sodium formate in the range
of concentration from 0,.1% to saturated will produce micro-
p2tting even at pH 14. It should be observed, however, that
the depth of the pits is less and surface attack is greater
than with comparable corcentrations for formic acid. (Tke
barrier films obtained in 50 - 96,5% formic acid could not vLe
obtained vith sodium formate owing to solubility considerations).
The fact that micropitting can be achieved in formate solutions
over a range of pH precludes any mechanism based on the formation
of acid and it is evident, therefore, that this phenomenon
results from the specific property of the formate anion c.f,
theories to explain pitting by chlorides in neutral solutions.19

There are many examples which can be quoted which
show that the corrosion rate of a given metal frequently shows
maxima cnd minima in certein ranges of acid concentration,
¥e and Peres? have studied the Ti/HaSO4 system and have observed
an increase in the rate o a maximum et 40% end then a fall to e
minimum at €57 which is then followed by & rapid increase.

They suggest that corrosion in the low concentration wegion ie
probably due to the formation of complex enions [~Ti(804)2%] Tex
and that the rate or formation of these complexes incresses -
with acid concentration reaching a maxiim at 40%. In the
renge 40 - 65%, the complex anions are censidered to decompcae
giving titanium dioxide, which passivates the titanium, and
sulphuric acid. The increase in rate at concentrations greater
than 60% is explained by the formation of another complex
[TT102(504)gj =2X,  There is no definite evidence of complex
formation to support this view although it should be observed
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that the detection of complsxes in solutions of this nature is
extremely difficult.

lane, Golden and Acherman'3 have studied the
corrosion behaviour of titenium in various concentrations of
formic acid at 35, 60 and 100°C in aerated and non-serated solu-
tion. They have shovn that at 35° the rates in aerated solutions
are negligivle and at the higher temperatures the rates are
appreciebly less in oxygenated solutions, From their results
it would appear vhat the rate increases with concentration to a
maximum at 50% and then fells rapidly with concentration and
reaches a very low value at 90% formic acid, Corrosion rates
at higher concentrations were not studied. In many cases
'Lorderline passivity' occurred and the corrosion behaviour under
unaerated conditions appeared to depend on such factors as the
thickness and continuity of the air-formed film, smoothness of
the surface, etc., so that whereas certain semples corroded,

others remained passive,

A consideration of the V-t curves (Fig.3) shows
the following chearacteristics:

(2) a rapid initial increase in potential to ~9V,

(b) & slower rate of increase of potential extending over
9 - 15V,

(c) a rapid increase in potential to ~~ 50V,

(@) slight fluctuations in the potential corresponding to the
initiation of micropitting,

(e) a gradual increase in potential as the pits propagate into
the metal,

(f) an increase in the magnitude of the fluctuations of poten-
tial as the potential inocreases,




A characteristic feature of the anodic behaviour
of titanium is the formation of different interference colours
on differént greins, This is possibly due to epitaxy between
the grain and the oxide resulting in oxide films of different
orientations and growth rates. This phenomenon has been studied
extensively by Rivolté?who showed that different interference

colours on titanium could be obtained in a variety of electrolyte

solutions providing the potential was greater than 10V - he
concluded that the colours were due to different thicknesses of
oxide on grains of different orientation. It should be observed
that beryllium gives different interference colours when anodized
in chronic acid + nitvric acid solutions and Youn§1has suggested
that this may be due to local variations in temperature at the
high temperatures used or to & variable ohmic p.d. at different
parts of the surface, Cadmium behaves similarly when anodized
in potassium hydroxide soiution at low current densities and it
may be significant that c.p. hex metals are particularly prone to
" show this behaviour,

For the purpose of the present discussion it is
assumed that the interference colours are a manifestation of
oxides of different tnicknesses on different greins, If this
phenomena is dve to epitaxy it is also likely that the oxide
thickness is variable even when the film is colourless, i.e,
et potentials £ 10V,

The presence of 'mounds' on the surface of the
oxide at potentisls > 9V has been demonstrated by electron
microscopy and it would appear that mound rupture occurs at a
potential which corresponds with the initiation of micropitting
(ns45V). Presumebly each ruptured mound is the site of an
extremely smell pit and with passsge of charge these pits
coalesce to give micropits. No evidence can be submitted at

L T
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A characteristic feature of the anodic behaviour

of titanium is the formation of different interference colours
on differént grains, This is possibly due to epitexy between
the grain and the oxide resulting in oxide films of different
orientations and growth rates, This phenomenon has been studied
extensively by Rivolté?who showed that different interference

colours on titanium could be obtained in a variety of electrolyte
solutions providing the potential was greater than 10V - he
concluded that the colours were due to different thicknesses of
oxide on grains of different orientation. It should be observed
that beryllium gives different interference colours when anodized
in chromic acid + nitric acid solutions and Youn§1has suggested
that this may be due to local variations in temperature at the
high temperatures used or to & veriable ohmic p.d, at different
parts of the surface, Cadmium behaves similarly when anodized
in potassium hydroxide soiution at low current densities and it
may be significant that c.p. hex metals are particularly prone to
"show this behaviour,

For the purpose of the present discussion it is
assumed that the interference colours are o manifestation of
oxides of different thnickmesses on different greins, If this
phenomene is dve to epitaxy it is also likely that the oxide
thickness is variable even when the film is colourless, i.e,
at potentials { 10V,

The presence of 'mounds' on the surface of the ;
oxide at potentisls > 9V has been demonstrated by electron ;
microscopy and it would appear that mound rupture occurs at a é
potential which corresponds with the initiation of micropitting
(As45V). Presumably each ruptured mound is the site of an 3
extremely smell pit and with passege of charge these pits |
coalesce to give micropits., No evidence can bte sutmitted at
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present to show whether these 'mounds' are solid or hollow

and it will be assumed, therefore, that the mounds revealed by
electron micrographs represent blisters which result from the
formation of underlying voids, On this basis Fig,11(a)=(d) and
Fig.11(e}=(f) represent blister formation and blister rupture
respectively.

There can be no doubt that most oxide films on
metals are under stress and the Pilling and Bedworth rule postu-
lates that the nature of the stress (lateral compression or
lateral tension) will depend on the volume ratio. Although
there have been numerous studies of stress in oxides produced
by high temperature oxidation there is little information on
stresses in snodic oxides, The volume ratio for TiO; (anatase)
is 1,78 and studies of anodic oxide formation of titanium by
Hasgzhas shown. that oxygen ions diffuse inwards to the metal
oxide interface so that the new oxide builds up at the metal/
metal oxide interfece, Under these circumstances, and providing
the oxide is vniform in thickness, the oxide will be in lateral
compression, If the plasticity of the oxide is insufficient
to relieve these stresses, film oracking or void formation is
t0 be anticipated. Several workers have observed that films

produced anocdically on titanium are cracked.

Cathcaort, Campbell and Smitﬁshave observed blister
formetion during oxidation of niobium at 400°C - at this tempera-
ture breakdown occurred after 300 min, and the rate changed from
parabolic to linear, Marker studies showed that the oxide
formed at the oxide/metal interface and it was ccncluded that
oxygen ions diffused inwards. They considered that when a segment
of the metasl lattice at the interface was converted to oxide, a
3-dimensional expansion of the metal lattice was required to bring
metal ions into the oxide lattice, and this was resisted by tle
overlying layers of previously formed oxide with consegquent



blister formetion. Thus oxidation continually produces stresses
in the oxide,

Jenkinszﬁas suggested & similar mechanism to
explain & change from a decreasing rate to a linear rate at 650°
when the oxide was found to conaist of layers which had been
twisted end shattered. This transformation was considered to
be due to growth stresses which, when the oxlde had attained a
certein thickness, partially shattered the outer layers,

From the above discussion it is possible to
suggest a mechanism for micropitting based on film rupture of
the thinner layers of oxide due to unequal growth rates of oxide
on different grains.

Fig.2(a) represents three grains of different
orientation with a very thin air-formed film (this is not necee-
sarily wniform) and Fig.12(b) shows the different thicknesses of
oxide after anodizing to the potential where different inter-
ference colours become evident. Fig, 12(c) shows that any
expension of the thinner oxide is constrained by the more rapidly
growing oxides., Although the orientation of the grain will be
the domineting factor in the initial growth of the film it will
become of less significance as the films thicken owing. to the
higher ohmic p.d, through the thicker éoxides. This will result
in a higher ionic current through the thimmer oxide which will
now start to grow more rapidly. The combined effect of the
concentration of the current on gg and the constraint produced
by the surrcunding thicker oxice will result in the development
of & high stress in the oxide on gp and eventual detachment of
the oxide from the metal surfece with the formation of e blister,
(Fig,12(a).
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This mechanical interpi'etation of the mechanism
of blister formation is in accord with the observations that
pitting occurs initially on the thimner grains, It also explains
the random and uniform distribution of the pits resulting from the
random distribution of greins of different orientation.

In considering the reason for the ultimate rupture
of the blisters (Fig.12(e) it should be noted that blister forma-
tion occurs in the anodizing region, but even at elevated tempera-
tures there is no evidence of blister rupture. This suggests
that blister formation depends on the concentration of formic
acid, It is possible that micro-fissures form when the blisters
attein a certain size, which corresponds with the breakdown
potential of Au 45V, and that acid is drawn into the void so
that it comes into contact with the underlying metal surface
(which mey be bare of filmed with & very thin oxide), In the
micropitting region this will result in reaction with the metal
end the gas pressure may be sufficient torupture the blisters,

In the anodizing region, although the blisters may be penetrated
by the ecid, contact with the underlying metal will result in
further oxide formation.
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V-t Curves in the Micropitting Region
Plateau formation (7 - 12V) A change in the
slope or a plateau in the V-t curve at constant current usually

representa & change in the magnitude of the ionic current which
results from some chemical or physical trensformation of the
oxide. Thus in the case of niobium there is a slight change
of slope at 20V (probably due to & change in chemical nature)
and a pronounced plateau at rv 75V which is due to the field
crystallization of the initially-formed amorphous oxide.25

It has been shown that providing the rate of
formation of the oxide is slow, {the V-t curves for titanium are
characterized by & sudden decrease in the rate of oxide formation
and that this persists over 7 - 12V (Figs.3 and 4), This
phenomenon is not confined to formic acid and occurs with the
majority of the solutions studied (Fig.10). No definite
evidence can be submitted to explain this change in rate as
identification of the nature of the oxide at this thickness is
extremely difficult. It may, however, be significant that
blister formation on the surface is first observed at ~s/ 9V so
that it is possible that the plateaux may be connected with this

phenomenon,

Oscillations of potential and propagation of pits

Above the brealdown potential the V-t curves are characterized

in all cases by oscillations of potential end a gradual increase
of potential and as the pits propagate into the metal, the ampii-
tude of the oscillations increases. Oscillations of potential
were observed by Muller26 during the anodic oxidation of formic
acid on a platinum anode and more recently by Buck and Griffith27
using chronopotentiostatic techniques, The latter were able to
postulate a mechanism for the cxidation of formate in basic
solutions but not in acid or neutral solutions.
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The mechanism of pitting by chlorides is still
not fully understood, but many theories postulate specific
adsorption followed by complex formation, There is no informa-
tion on the nature of titanium/formate complexes and in any case
it would appear from the present study that complexes formed at
the metal/solution interface within the pits are immediately
hydrolysed when the complex diffuses into the bulk solution.

The stability of titanium is due to passivity and
an all-important effect of the adsorbed formate anion may be to
prevent adsorption of water or hydroxyl - there is considerable
evidence for the adsorption of formic acid and formate on metal
surfaces and, in particular, on specifie crystal faces., There
are certain resemblances between the behaviour of formic acid
and formates in cathodic processes and some of the phenomena
observed in the present work. Thus Prall and Shreir28 have
shown that formates and formic acid reduce the activation over-
potential for discharge of copper from copper sulphate solutior
and modify the crystal structure giving pronounced platelets.
This may result from specific adsorption of formate ions on the
(111) plane - a plane which requires the highest activation
energy for the discharge process - so that no deposition occurs on
this plane. Crocker and Ro‘bertson29 have shown the activetion
energy for decomposition of formic acid on faces of single crys-

tals of copper is greatest on the (111) face.

It is possible, therefore, that within the pit
the formate anion adsorbs on specific crystal faces (possibly
(111)) and prevents adsorption of waier or hydroxyl - e step
vhich is a necessary perequisite for oxide formation.,



- 26 -

Although the oxidation of formic acid on platinum
is accompanied by oscillations in potential this is unlikely to
be a mejor cause of the oscillations observed in the present
study. Oscillation of potential have been observed to occur

during the anodic polarization of titanium in chloride solutions

end it is considered, therefore, that these result from the
geometry of pit rather than from the specific nature of the anion.
The fact that the magnitude of the oscillations of potential
increases as the pits propagate into the metal gives support to

this view.

The ohmic potential of the solution permeating the
pit will be maerkedly increased by the presence of gas bubbles
(carbon-dioxide from the oxidation of formic acid and oxygen from
the oxidation of water) and by the presence of precipitated
titanium hydroxide resulting from hydrolyses of complexes -
dispersal of these species into the bulk solution will result in
a fall in potential. In addition, fluctuations of concentration
polarization are likely under the conditions prevailing within
the pit. It is apparent that as the pit length increases the
effect of these factors will become more pronounced with a con-
sequent increase in the magnitude of the oscillations, It should
be noted that actual oscillations recorded must be regarded as a
statistical integration of the changes of the ohmic potential and

concentration polarization occurring at the individual pits.

Nature of formic acid in relation to micropitting,

anodizing and uniform corrosion The relationship between the
nature of the electrolyte solution and the enodic behaviour of a
metal is not fully understood so that the following discussion

must be largely speculative, The different effects observed are
clearly dependant on changes in the nature of formic acid solu-
tions in water at different concentrations of acid, As the
concentration of acid inoreaseas it is apperent that the concentra.-
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tion of undissociated molecules (or ion pairs) will increase
and that, in addition, there will be a pronounced tendency for
the molecules to form dimers - it also follows that the concen-

tration of water will decrease,

At low concentrations, complex formation rather -
than oxide formation may be the energetically and kinetically
fevourable process - it is highly probable that this is preceded
by adsorption of formate onto the metel surface (or metal surface
filmed with a thin oxide) so that adsorption of water (the oxide
favouring species) is prevented. These complexes diffuse away
from the metal/solution interface and then react with water
giving a precipitate of titanium hydroxide in the bulk solution,
The formate anion appears to be the species that is active in
complex formation as it has been showm that micropitting occurs
over & range of pH, It should also be noted that the minimum
breskdown potential occurs at 30% formic acid - a concentration
vhick has the highest conductivity. At 50% formic acid the acid
may be predominantly in the form of diners which do not adsorb
80 readily on the metal surface so that adsorption of water and
the subsequent direct transfer of metal ions onto the lattice of

the oxide (anodizing) ie the preferred process.

At very high concertrations of acid (general atiack)
the activity of water is so low that preferential adasorption of
diners of formic acid is now possible., In this case it would
appesr that the complex is hydrolysed as soon as it is formed
giving a loosely adherent precipitate on the metal surface,
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The mechenism of micropitting of titanium is
8till not fully understood and further studies are in progress
in which use will be made of capacity measurements, The metal
will be anodically polarized to a predetermined potential and
chenges in capacity with time will be measured to detect forma-

tion of cracks or discontinuities in the film.,

Further studies of blister formation in the
anodizing region will be of interest and electron micrographs
will be prepared over a range of potentiels, It would be of
interest to determine the potential at which the oxide crystal-
lizes. Previous studies using electron diffrection have not

been successful, but this aspect justifies further study,

No further work is contemplated on formic acid
but additions of formaldehyde to sulphatesolutions would be of
interest. There is some evidence that traces of methane might

produce micropitting under enodic¢ conditions.
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FIG.4 Vi cuxves at different concentrations of acid
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FIG,.11

ELECTRON MICROGHAPHS OF THE ANODIC FILM FORMED ON TITANIUM
IN 10¢ PORMIC ACID SOLUTION.
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Personnel:

Apparatus:

EXPENDITURE

H. LECKIE (not supported by Contracti)

K. MONDEL (Laboratory Assistant) £500

Power unit £ 50
Recorder £200

Valve Voltmeter £100




